
.I 

CONTRACT: NAS 8-11811 

6 0 '  
DESIGN, DEVELOPMENT, MANUFACTURE, 

AND DELIVER N E W  CONCEPTS FOR 

HIGH ENERGY RATE FORMING SYSTEM 

1. 

QUARTERLY REPOR 
January 1965 

Microfiche (M F) J 29 

Republic Aviation Corporation 
Manufacturing Research Department % 

.T (11) 

RAC 2788 

A theoretical  analysis of the "Pancake" electromagnetic wave generator 

is presented. 

A 12" coil was built and tested to  58,000 joules. 

the pancake coil and the driver plate was good. 

were  generated. 

The resu l t s  of one example a r e  compared with tes t  results.  

The coupling between 

P r e s s u r e s  of 7900 psi  



CONTRACT: NAS 8-11811 QUARTERLY REPORT (11) 
January 1965 

DESIGN, DEVELOPMENT, MANUFACTURE, 

AND DELIVER NEW CONCEPTS FOR 

HIGH ENERGY RATE FORMING SYSTEM 

B. Lefther is  

Republic Aviation Corporation 
Manu fa ctu ring Re  s ear ch De par tment  

RAC 2788 

A theoretical  analysis of the "Pancake" electromagnetic wave generator 

i s  presented. 

A 12" coil was  built and tested to 58,000 joules. 

the pancake coil and the driver plate was good. 

were  generated. 

The resu l t s  of one example a re  compared with test results.  

The coupling between 

P r e s s u r e s  of 7900 psi 



Republic Aviation Corporation 

Farmingdale, New York 

Design, Development, Manufacture, and Deliver 

New Concepts for  High Energy Rate Forming System 

Contract No. NAS 8- 1181 1 
Quarterly Report No. I1 

Prepa red  b y : H  de* 
as1 L e t  

‘Pr. Mfg. R-sch. Engr. 

Approved : 

Mfg. Rsch. Grp. Engr. 

Approved: * 
Manufdcturing Research Dept. 



This report  was prepared by Republic Aviation Corporation under 

NAS 8-11811 for the George C. Marshall  Space Flight C e n t e r ,  National 

Aeronautics and Space Administration. 

the George C. Marshal l  Space Flight Center. 

The work was administered by 



TABLE O F  CONTENTS 

1. 0 Introduction 

2. 0 Theoretical Aspects 

3 .  0 Electr ical  Aspects 

4. 0 Equation of Motion 

5. 0 Arithmetical Example 

6. 0 Other Activity 

Anticipate d Work 

ILLUSTRATIONS 

Page 

1 

1 

5 

12 

15 

i i  

Electromagnetic t ransducer  pressure  records 

Experimental Vs.  Theoretical P res su re  Profile 

12” Pancake Coil 21 Turns 

Pancake Coil Assembly 

Electromagnetic Wave Generator 

Graphical Solution of Eq. 3 3  

18, 19 

21 

21 

22 

23 

24 



LIST OF SYMBOLS 

2 - Electr ical  current density 

- Electr ical  permeability r 
8 - Magnetic induction 

F - Force 

2 - vert ical  distance 

&-magnetic induction in the x direction 

t - time 

p- resist ivity 

'v- velocity 

12- velocity in  the vertical  direction 

1 - Elec t r ica l  current 

)/ - Capacitor voltage before discharge 

- Elec t r ic  intensity 

&- Inductive reactance 

f2. - Electr ical  resistance 

L - inductance + - magnetic flux 

r- average coil radius &- water density 

Cw-water acoustic speed 

Ap- driver  plate cross-sectional a r ea  

tr) driver  plate mass  r 



1. 0 Introduction 

is used as the source of energy. OF MOTION 
I '2. The operation begins with the 

capacitor bank discharging through 

The magnetic hammer principle has  been established and used success-  

Some theoretical  considerations were given (')' (') and the problem fully. 

has been generally related to magnetic forming. 

One of the methods suggested was the following: A "pancake" magnetic 

coil is placed over a thin aluminum driver  plate; with the discharge of high 

energy cur ren t  through the coil (10 ,20 ,50  K joules) the dr iver  plate is r e -  

pulsed away from the coil a t  a high ra te  of acceleration. 

assembly was immersed  in liquid (i. e. water),  and a tube was placed so 

that the dr iver  plate is guided, a p re s su re  wave is generated in  the water. 

If, in addition, a thin aluminum blank (i. e. 1 /  16'' thick) with a die was 

placed under the guiding tube, the p re s su re  wave, propagating along the 

tube, will hit and form it. 

If the whole 

in  this report ,  a n  attempt is made to formuiate the principie and, with 

some reasonable assumptions, find relationships between the various pa ra -  

meter  s. 

An example is presented to i l lustrate the analysis and the resul ts  are  

compared with the tes t s  performed with such a device. 

2. 0 Theoretical Aspects 

Consider the pancake coil as 

shown in the adjacent figure, and 

the dr iver  plate shown in motion 

under the influence of the magnetic 

force. 

Initially, the dr iver  is placed in  

contact with the coil with only the 

insulation (0. 02-0. 05 thick) placed 
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the coil. 

flux engulfing the aluminum driver  plate a l s o  changes with time. 

change induces a voltage in the aluminum plate and thereby a flow of 

cur ren t  a c c o r h l g  to the aluminum resistivity. 

Since inherently th.: current  changes with t ime, the magnetic 

This 

The direction of the flow of cur ren t  is opposite to  the flow of cur ren t  

in the coil. 

field. 

with the "left hand" rule of electricity 

Thus we have a cur ren t  carrying conductor in  a magnetic 

The conductor therefore i s  driven away from the coil in accordance 

The current  in the aluminum is given by: 

The force exerted on the dr iver  is given by: 

If we consider the coil lying in the xy direction then we obtain 

the following: 

(3)  

where the force is given in lb/ft3. 

It is  now postulated that the penetration(s) of the magnetic field in 

the aluminum plate is  very small :  the validity of this postulation will be 

discussed later. 

F o r  anyone instant of t ime, therefore ,  we have f rom eq. ( 3 )  

sur face  of the driver plate; s =  thickness of field penetration. 

NB, The minus sign in equation (3) means that as $6, i nc reases  a s  

F decreases .  E 
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Now, the electr ic  density in  the.plate is  due to two effects: a) voltage 

induced by the change of the magnetic field with t ime and b) voltage induced 

by the movement of the conductor. 

Hence 

. 

we a lso  have from the general theory of electromagnetism 

the following equations: 

VXE =-= 3 8  . 

and E, z p .  1 

E =  E t - V x B  
- - p.i - V x  B 

Hence: 

-V%B * . .  
2 . -  f V%B 

Substituting f rom (5) we obtain 

(5) 

Equation (8) can be simplified by considering the  coil in the x y 

plane and motion in the 2 plane. 

Thus eq. (8) becomes: 

3 



Now multiply eq. (9) by .% ; thus r 

The quantity - P represents  the penetration velocity coeficient (3 )  

r c m ,  
I * )  -e = - where h is the penetration coefficient 

SeC 
-5 

(i. e. 4' r 
for aluminum, h = 5. 6 i n / s e c  1'2; hence i f  the pulse duration is 10 sec, 

the penetration distance is 0. 0175 in. ) 

It is possible now to integrate equation (10) to obtain the following 

the force f($) ac ts  only on the surface of the dr iver ;  

therefore ,  there is no change of force with respect  to distance. 

If the driver plate is thin, the first impact on its surface adjacent to 

the coil will propagate through its thickness at the propagation velocity 

of the driver.  

For aluminum, C=220,000 in / sec ;  i f  the plate is 1 inch thick, the 

wave front will t raverse  the thickness in  4. 5p sec. 

Hence, if the duration of the first half cycle (useful t ime)  is  in the 

order  of 40 p s e c ,  the wave front will t r a v e r s e  the thickness of the plate 

nine (9) times. Each t ime the front t r ave r ses  the thickness of the dr iver  

( 3 )  Diffusion of Electr ic  Curren t  into Rods, Tubes and Flat Surfaces,  
K. W. Miller, AIEE Vol. 66, 1947 p. p. 1496-1502 
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the velocity between the two surfaces equalizes. Thus, it is assumed that 

the velocity a c r o s s  the plate thickness is constant and that $ represents  

the plate velocity: Therefore ,  the energy dissipated in  

is negligible. 

Fur thermore ,  since the duration of the first half cycle is small, l o s s  

Thus /)&j,z can be neglected. 

Hence equation (1 1) can now be written as follows: 

due to "current  heating!' is negligible 

Equation (12) shows that the rate of change of the magnetic energy is 

equal to the ra te  of change of work done in moving the dr iver  plate along 

the axis 2 . ~ o o d  coupiing therefore  can be expected. 

3 .  0 Electr ical  Aspects 

In an L. C. R. circuit ,  the following equations a r e  valid: 

F o r  an oscil latory condition with damping::: 

F o r  an  over-damped condition*:: 

and / 

C L  - 
Equation (13) can be shown graphically as  follows: 

::See electricity and magnetism by C. J. Smith. 
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Equation (9) on the other hand var ies  as follows: 

The t ime required to  reach  

peak cur ren t  in the over-damped 

condition is given by: I ’ P - 1  . - -- 
I *t I 1  

For  the highly over -damped condition 

I I 
is approximately equal to - cdy 

For  slightly over -damped L{ < &) and highly damped systems 

the t ime to reach maximum curren t  is the same. 

ca r r i ed  out this t ime was between 50  - 100 sec. 

In the tes t s  that were 

r 
It is  generally known that the induced voltage is given by; 

v = -N&L 
d t  

where (# = magnetic flux 

and N = N of turns  

For a two turn secondary coil we have; 

6 

The value of 4 is given by: 
,2 + =/ t3 ,Zr rd~ . 

20 
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JDRIVEQ PLATE 
I 

The magnetic density component Bx for a pancake coil is given by: 

where I - curren t  

2 - vert ical  distance f r o m  the coil 

Since 

Hence 

4- number of turns 

W width of the coil annulus 

eq. (21.) can be written as follows: 
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Substituting in eq. (21) we obtain: 

1 
;I 
2, 

where i= - and = average ratl i i is  of the co i l  

It i s  easily deduced from equation (24) tha t :  

F r o m  equation (12) we write the following equation: 

Re-writing eq. ( 2 2 )  we have; 

Hence, combining eq. (26)  and ( 2 7 )  we obtain ; 

(Note that I is only a function of time. ) 

integrating and observing that I = T k p  when Y= L W e  obtain the 

8 



4 5  Equation ( 2 9 )  shows that a s  long as is positive -. is positive; . -  dt  dt 
a t  

dr iver  plate. 

dA=O the magnetic force i s  either not effective o r  i t  a t t rac ts  the dt 
A t  this point, the plate will begin decelerating under the force 

C A V start ing with the initial conditions V =  V- at. 2 =2mmk. pw u , p ,  
The short  duration of the pressure  wave can be seen in  Figure's 1,z 

This r eco rd  was taken during operation of the electromagnetic transducer.  

4. 0 Equation of Motion 

It is  now possible to  write the equation of motion for the dr iver  plate. 

d F 5 :  mdV dt F r o m  Newton's first law we have: 

where 4F = summation of forces acting on dr iver  plate 

IT:asc of driver plate 

dr iver  plate velocity 

t ime 

It was stated earlier that the dr iver  plate is thin and therefore any 

force acting on its top surface will t ransmi t  without gradients a c r o s s  to 

the surface below. The force acting on the top is  given by: . 

where A = dr iver  plate a rea  

The water which is in  contact with the lower surface (see diagram of 

P 

apparatus)  will reac t  with a force.' ' 

(momentum equation of pressure  wave t3= f. C .  v .) 
Thus the equation of motion is: 

9 
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1 ,t 

Now, when the system (capacitor bank, tr iggering switch, leads,  coil, 

etc. , is underdamped, eq. (24) can be writ ten as follows: 
-- f% 

Considering equations (29) and (33) we have the following equation: 

The solution of (34) can proceed a s  follows: 

After integration we take only the imaginary p a r t  of the solution 

10 
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Equatior, (36) can be written in dimensionless form as  follows: 

- (37) e - 

The parameter  !!.h@ is  dimensionless; substituting 

for p 
A/  i n l q  6' 

w e  obtain the following: 

Rewriting eq. (37) we have: 1 D \  

- 
\ ( =  (37) 

c w /  
It was found previously that the resis tance and inductance in the 

- dr iver  plate a r e  given by: 

R'= 2 p r d  /+lZ 
d.t: 

During the iktial stages 2 is a large number. dE 
5dt 

- whereas - "/ 
Thus, the reflected resistance dominates and the sys tem is overdamped. 

F r o m  t e s t  resu l t s  ( see  F i g u r e s  I i z  ) i t  was deduced that for one 

par t icular  case  the system was overdamped, o r  near  cri t ically damped. 

11 



The equivalent to equation (37) can, in this case,  be written as follows: 

v =  L 

Equations (37  and (39) provide a relationship between the plate vel-  

ocity and time. 

displacement versus  t ime relationship; this, however, is not necessary  

a t  this time. 

The equation can be integrated again to give the plate 

F r o m  the momentum relationship of the wave in  water,  (i. e.&lw 
= P where P is the p re s su re  of the propagated wave), the analytical work 

can be compared with the experimental results. 

A K i s t l e r  P r e s s u r e  Transducer  records  the p re s su re  versus  t ime 

profile; the profile is then converted into a velocity versus  t ime relation- 

ship. 

given by Eq. (37) o r  (39). 
This relationship is then compared with the theoretical  relationship 

In the preliminary work, equation (33) was solved graphically. 

Although it did not include the boundary conditions which were imposed 

la te r ,  the effects of insulation thickness, capacitor voltage, and damping 

were shown clearly. See Figures  7 and 8. 

5. 0 An Arithmetical Example 

Using the tes t  resul ts  a s  a guide, it is  noted that the t ime to reach  
dL and - S O  dE 
d 7  dt 

the peak current  was 100 u sec . ,  remembering that 

represents  the point a t  which the dr iver  plate is either completely un- 

coupled o r  coupled in the opposite direction. 

Furthermore,  i f  the system was overdamped, the t ime to reach 

peak cur ren t  is given by t =l- whe r e  I 
P N  



Therefore ,  & ' T  - ./u 6 = 0.79#/a"  = - 
/ 2 -  1 

4. /do 
Since neither L nor R a r e  known, it is first assumed that - - - LT 

LL 
Now, the inductance of the coil with the plates on either side i s  taken 

a s  0.36 r henry. 

Ei ther  equation (37 or  (39) can be used. 

Thus substituting in eq. (37) we obtain the following 

V s 3 6 9 ' L  t =  
V=262 t* 30 
v -  7 0  t =  lo 

2A " where the parameter  

see fi.3 3. 

was calculated 

a s  follows: 

and 

13 



N. B. 1. 
i t  was found that the plate moves only a few thousanths for all the 

cases ,  during t ime tp  

from the preliminary solution given in the l a s t  irionthly report ,  

L-o , it w a s  found that '5 must  r eve r se :  this indicates 
When z- aE 

that the plate is  no longer repulsed but instead it i s  a t t racted towards the 

coil. 

forward momentum. Thus while V i s  decreasing, it is  nevertheless 

The plate, however, cannot r eve r se  instantaneously, because it has  

po s iti  v e :k * 
Thus, the induced voltage is considerably reduced. 

decelerates  under the opposing force p(v. More precisely we have the 

following: 

& + d V = . O  
d t  

where, 

The r e  for e 

d t" 

.) -oc( t-t, 

Q The inductance L, i s  the total inductance of the sys tem;  m o r e  details  will 

is  no longer identified with the velocity 

be given in the next monthly report. '' 
3l ** It mus t  be noted here  that 

of the plate when uncoupling as taken place. 

14 



The deceleration, however, may be ass i s ted  by some attraction from 

the coil: th is  is indicated in the tests. Alternately, i f  coupling in the 

opposite direction is the dominating force  then the declerating phase is 

governed by the same equations as  in the accelerating phase with e 
dk 

negative and the boundary conditions v =  v- cat tatp and 

1 4  at the end of the pulse. 

* The energy under the wave pulse is equal to approximately 1500 joules. 

The energy s tored  in the bank was 58,000 joules. 

the coil i s  only 2. 6% efficient. 

This will indicate that 

In the analysis,  however, it is shown that the pulse is short ,  because 

of the r eve r sa l  of the current :  thus, the energy delivered to the plate is 

inherently dependent on the character is t ics  of the particular energy source. 

By contrast  this dependence does not exist  in the EBW effect since the 

cur ren t  cut-off is associated with the explosive backward voltage of 
E 

In the E. B. W., the s ize  of the wire can a l so  change the cut-off time. 

the t ransducer ,  at tempts can be made whereby a change of the source 

character is t ics  can extend the positive 41 and thereby increase the 

energy delivered to the coil. 

In 

d T  

The coupling is  a t  present  estimated to be 50-707’0. More details, 

however will be given in the next monthly report. 

In summary,  there  a r e  indications that coupling of the coil to the 

dr iver  is better than E. B. W., but its efficiency, based on the charac te r -  

istics of the bank described previously, i s  considerably lower. 

the energy delivered to  the plate is uni-directional and therefore  more  

controllable than the E. B. W. 

In addition 

To improve on the efficiency, it is necessary  to consider the t r a n s -  

There is quite a ducer with the capacitor bank that it is connected with. 

difference in the resu l t s  between the 960 uf and 240 uf bank. (see Figs. 4,5, 6) 

6. 0 Other Activity 

It was found that using a pancake coil has  definite e lectr ical  advantages 

15 



but it presents  a ser ious problem structurally.  

epoxies and fiberglass re- inforcements  were made and tested. 

a r e  indications that the 12" pancake coil cannot withstand "delivered 

energies" more than 2000 joules. 

between plate and coil does not allow a buildup of re-inforced epoxy on 

either face of the coil. 

in l a s t  months report ,  the separation distance is a very important pa ra -  

me te r  because it affects the magnetic p re s su re  a s  the inverse of i t s  

Coils with different 

There  

The requirement of minimum separation 

F r o m  the resu l t s  of the analogue computer shown 

i 
) In the t e s t s  this was indeed found to  be 

6: 
square. (i. e. - Zr 

- f  importaxt. A good compromise was found at 0.05 in. in the front face 

and 0. 125 in  the rear .  

Two methods were used. a) the coil was f ree  to follow the dr iver  plate 

vertically and b) the coil was held on its periphery. 

coil was placed between the aluminum plate and the bottom dr iver  plate. 

See Fig's. 4, 5,  6. 

In both cases  the 

While other tes t s  were made, the generated wave has  been used to f o r m  

a 2 8  inch dome. 

those used so far a r e  required to form the final stages of the dome. 

There a r e  indications that higher wave p r e s s u r e s  than 

In all the tes ts  a Kist ler  p re s su re  t ransducer  617L was used to  sense 

the wave pressure.  

In case  (b), there  i s  vacuum created between the coil and the dr iver  

plate, during the discharge, which pulls back and re-positions the dr iver  

plate at the end of the cycle. This allows the frequency of applications to 

be as  high as one every 5 seconds. It must  be done with caution, however, 

because i f  the plate is  not pulled back in  place, the coil will be blown out 

in the following discharge under the influence of the top plate. 

an ism to check the re-posit ion will soon be installed. 

A mech- 

In summary, a pancake coil was built and tes ted with 58,000 joules at 

960 uf and with 23 ,000  joules at 240 uf. 

aluminum plates one of which is f ree  to  move against  a water column 

vertically,  and the other against  a column of rubber pads. (see F ig .  6 ). 

Fur thermore  the coil i s  held at its periphery. 

positioned by the vacuum crea ted  between the coil and the plate. P r e s s u r e  

records  with 617L Kistler gauge were taken. 

The coil is located between two 

The dr iver  plate is re- 

16 



Anticipated work during January 1 to February  1 

1. 0 More examples will be worked out theoretically: the resu l t s  will 

be compared with t e s t  results. In these runs other pa rame te r s ,  

(Le. plate weight, separation distance, coil tu rns)  will be varied. 

2. 0 Attempts to design a structurally s t ronger  12" coil will be made. 

3. 0 Attempts to fo rm a 28" dome completely will a l so  be made. 

17 



Capacitor Bank: 11 KV,  960 uf, 58,000 
Joules  

0.2 m set/,, 38, 

Capacitor Bank: 11 KV 960 uf, 58,000 
Joules 

50 u set/,, 7700 ps i /cm 

ELECTROMAGNETIC TRANSDUCER PRESSURE RECORDS 
FIGURE 1 
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Capacitor Bank 14 KV, 240 uf, 23,520 
Joules 

. r r n  ' I  
0. i m secicm, 13LfLJ PSl/cm 

Capacitor bank: 14 KV, 240 uf, 2 3 , 5 2 0  
Joules 

50 u set/,, 770 psi/,, 

ELECTROMAGNETIC TRANSDUCER PRESSURE RECORDS 
FIGURE 2 
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Case  b) - The coil is held on its per iphery 

12" PANCAKE COIL. 21 TURNS 

Insulation thickness : Front  = 0. 05 in. 
R e a r  = 0. 100 in. 

FIGURE 4 
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pancake coil 

guide tube 

) e r  aluminum plate 

plate 

Case b) - The coil is held on its per iphery 

PANCAKE COIL ASSEMBLY 
FIGURE 5 
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Case  b) - The coil is held on its periphery 

ELECTROMAGNETIC WAVE GENERATOR 
FIGURE 6 
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